This study aims to analyze, in mice, the long-term effects of delayed fatherhood on reproductive fitness and longevity of offspring. Hybrid parental-generation (F 0 ) males, at the age of 12, 70, 100, and 120 wk, were individually housed with a randomly selected 12-wk-old hybrid female. The reproductive fitness of first-generation (F 1 ) females was tested from the age of 25 wk until the end of their reproductive life. In F 1 males, the testing period ranged from the age of 52 wk until death. Breeding F 1 females from the 120-wk group displayed interbirth intervals longer than females from the 12-, 70-, and 100-wk groups. Furthermore, F 2 pups begotten by F 1 studs exhibited weaning weights lower than pups from the 12-and 70-wk groups. Offspring from the 120-wk group exhibited shorter survival times associated with lower incidence of tumorigenesis and higher loss of body weight when approaching death when compared to F 1 offspring from younger age-groups. The results indicate that advanced paternal age at conception has negative long-term effects on reproductive fitness and longevity of offspring in the mouse model. aging, delayed fatherhood, gamete biology, long-term effects, offspring
INTRODUCTION
It is known that the risk of suffering from breast, prostate, or nervous system cancer in adulthood is increased in offspring conceived by old fathers [1] . In addition, both sons and daughters of parents older than 30 yr exhibit longer values of time to pregnancy than individuals from parents younger than 30 yr [2] . However, there is no clear evidence for the existence of a negative paternal effect on Alzheimer disease as well as on structural or numerical (with the exception of trisomy 21), chromosome anomalies [1, [3] [4] , and longevity.
The famed inventor Alexander Graham Bell [5] , after analyzing the genealogical records of 2756 descendants of William Hyde, one of the early settlers of Norwich, Connecticut, who died in 1681, found that persons from fathers !40 yr of age had '20% shorter lives than persons whose fathers were ,25 years of age. This finding was later extended by other studies that analyzed the lifespan of 8052 sons and 7979 daughters of European aristocratic families born in 1800-1880 [6] or 5317 sons and 4664 daughters of families from two German neighboring parishes born in 1650-1927 [7] . After controlling for maternal age at birth and other confounding variables, these studies evidenced a significant negative correlation between paternal age at birth and daughters' longevity (differences in male offspring did not reach statistical significance). These results, however, could not be confirmed by other authors analyzing 6415 men and 2441 women from British aristocratic families born between 740 and 1876 [8] or 320 centenarians and 603 control individuals born in France between 1875 and 1890 [9] .
The present study aims to analyze, in the mouse, the longterm effects of delayed fatherhood on reproductive fitness and life expectation of offspring.
MATERIALS AND METHODS

Mouse Strain, Housing, and Pairings of F 0 Males
All the animal experiments performed in this study were conducted in accordance with the National Research Council's publication Guide for the Care and Use of Laboratory Animals [10] . A detailed description of the procedures followed to produce first-generation (F 1 ) mice has been published previously [11] . Briefly, at the age of 12 (n ¼ 20), 70 (n ¼ 20), 100 (n ¼ 30), and 120 (n ¼ 8) wk, hybrid (C57BL/6JIco female 3 CBA/JIco male) virgin parental-generation (F 0 ) males (Criffa, Barcelona, Spain) were individually housed in 26.5 3 20.5 3 13.5-cm plastic cages with a randomly selected 12-wk-old hybrid F 0 female to produce a single litter of first-generation (F 1 ) mice. When females exhibited physical evidence of pregnancy, that is, the presence of a distended abdomen (20, 20, 20 , and 5 females in the 12-, 70-, 100-, and 120-wk group, respectively), the male was removed from the cage and females allowed to give birth and breast-feed her pups until weaning.
Housing of F 1 Mice
At the age of 21 days (at weaning), male and female F 1 offspring were separated and housed in groups of 10 in 35.5 3 23.5 3 18.5-cm plastic cages with wood shavings as bedding. Bedding was changed weekly. Mice were checked once per day, 7 days a week until natural death, to ensure accurate determinations of dates of death and to preserve bodies for later necropsy. Those animals too autolyzed for satisfactory examination or cannibalized by their cage mates were recorded as such, and data on them were used on the lifespan tables but were excluded from the disease analysis groups. The caged groups were not rearranged after death of any member or after removal of a female or a male from each litter to be tested for reproductive fitness. Mice were weighed every 10 wk starting at the age of 10 wk. Each animal was marked by ear punching/cutting after weaning. Mice were fed a standard laboratory diet and tap water ad libitum and were maintained on a 14L:10D photoperiod (lights on at 0800 h) period in a temperature controlled room at 21 to 238C.
Reproductive Fitness of F 1 Offspring
Reproductive fitness was broken down into two major components: fertility of F 1 offspring and quality of second-generation (F 2 ) offspring during preweaning development. The variation in fertility of F 1 offspring was in turn attributed to other metric characters, including interbirth interval, litter size at both birth and weaning, total number of offspring born, total number of litters produced per dam or stud, time interval between the first and the last litter, frequency of litters, age of the dam or the stud at the last litter, and time interval between the last litter and death. On the other hand, quality of F 2 offspring during preweaning development was measured as percentage of litters with at least one pup cannibalized, sex ratio at both birth and weaning, preweaning mortality, and weaning weight.
Fitness components of F 1 female offspring. At the age of 25 wk, a single F 1 female per litter was individually housed for the rest of its reproductive life in a 26.5 3 20.5 3 13.5-cm plastic cage with a randomly selected 12-wk-old hybrid F 0 male. Ten females were randomly chosen from 10 litters randomly selected among the 20 litters allocated to the groups of 12, 70, and 100 wk. In the 120-wk group, five females were also randomly selected from the five litters assigned to this group. When the male reached the age of 45 wk, it was replaced by another 12-wk-old hybrid F 0 male in order to prevent any effect of male aging on female reproductive fitness. Cessation of female's reproductive life was defined as the age at the last parturition following which no more offspring were born for 3 mo. After this 3-mo period, each cohabiting male was housed with a young female of 10 wk of age to ascertain whether it was still fertile. Females were examined once daily to determine the day of parturition and to record litter size and gender of pups at birth. At weaning, F 2 offspring were weighed. After cessation of the reproductive life, females were housed in groups of five in 26.5 3 20.5 3 13.5-cm plastic cages under the same light:dark cycle and temperature conditions as their virgin siblings.
Fitness components of F 1 male mice. Reproductive fitness of F 1 males was tested when males reached the age of 52 wk. At this time, a single F 1 male per litter was individually housed for the rest of its life in a 26.5 3 20.5 3 13.5-cm plastic cage with a randomly selected 10-wk-old hybrid F 0 female. Ten males were randomly chosen from 10 litters randomly selected among the 20 litters allocated to the groups of 12, 70, and 100 wk. In the 120-wk group, five males were also randomly selected from the five litters assigned to this group. When the female was 35 wk old, it was removed from the cage and replaced by another 10-wk-old female in order to prevent any effect of female aging on male reproductive fitness. Twenty-one days after females reached the age of 35 wk or after the death of their respective partner, females from infertile couples were housed with a 12-wk-old hybrid F 0 male to test their fertility. Day of parturition, litter size and gender at both birth and weaning, and weaning weight of F 2 pups were recorded.
Histological Analysis
At death, necropsies were performed on all F 1 mice from the four agegroups, except those that were too decomposed or cannibalized. Specimens of morphologically abnormal organs, tumors, or diseased areas were taken for histological examination. Samples were fixed and stored in a 10% formaldehyde solution. Histological processing and analysis was focused on tissue samples from all the virgin and nonvirgin F 1 offspring coming from five litters randomly selected among the 20 litters allocated to the groups of 12, 70, and 100 wk or the five litters assigned to the group of 120 wk. Histological preparations were routinely made by paraffin embedding and hematoxylin and eosin staining.
Statistical Analysis
Fixed-effects (models with only fixed effects, covariate, and the residual term) designs of analysis of variance (ANOVA), mixed-effects (some effects are random and some are fixed) nested designs of ANOVA, and repeatedmeasures nested designs of ANOVA with two-way interactions between variables were applied for comparisons of means. Nested designs were applied to control the potential correlation among observations within a particular litter (littermates) and avoid spurious inflation of the sample size [12] . Several covariates were introduced in the statistical analyses to control for possible confounders not included in the study design, such as parental age at parturition, month of birth of F 2 offspring, and virginity status of F 1 mice. The Kolmogorov-Smirnov one-sample test was used to check whether variables were normally distributed. If the normality assumption was violated, logarithmic or square root (if variables were metric), or arcsine square root (if data were percentages) transformation of the variable was applied to induce normality. The Bonferroni test (when the variances were assumed to be equal) or Dunnetts T3 test (when the variances were assumed to be unequal) were applied to perform post hoc pairwise multiple comparisons between groups. The Levene test was used to test the homogeneity of variance for each dependent variable across all level combinations of the between-subjects factors. Automated binomial logistic regression analysis with forward stepwise variable selection was used to ascertain the effect of paternal age at conception on sex ratio (percentage of males) and proportion of litters with at least one newborn pup cannibalized. A one-sample binomial test was used to test the null hypothesis that the probability of being male in each group was 0.5. Cox regression models were fitted taking into account the potential correlation among siblings (i.e., standard errors were adjusted for clustering individuals on their respective fathers) to examine the effect of several independent variables on survival of F 1 mice and preweaning mortality of F 2 offspring.
Significance was defined as P , 0.05. Nevertheless, the Bonferroni correction was applied to adjust this significance level for the number of pairwise multiple comparisons performed when analyzing survival times of 
RESULTS
Reproductive Fitness of F 1 Females
Fertility of F 1 females. All the females tested for their reproductive fitness from the 70-(n ¼ 10), 100-(n ¼ 10), and 120-wk (n ¼ 5) group were fertile and produced at least one litter during the period of testing. However, 2 of the 10 females tested in the 12-wk group were infertile and never produced a litter. The siring males were fertile, as estimated on the basis of their reproductive performance when again housed with a 10-wk-old female, after females either died or ceased their reproductive life. Table 1 shows the effect of paternal age at conception on reproductive fitness of F 1 females. Paternal age at conception had no significant effect on several fertility traits of F 1 females, including litter size at both birth and weaning, total number of offspring born per dam, total number of litters produced per dam, time interval between the first and the last litter, frequency of litters, and age of the dam at the last parturition. In contrast, the interbirth interval was significantly higher in dams from the 120-wk group than in females from the 12-(P , LONG-TERM EFFECTS OF PATERNAL AGE ON OFFSPRING 0.0005) and 70-wk (P , 0.0005) groups. Dam's litter rank (regression coefficient 6 SEM: 0.735 6 0.145, P , 0.001), month of birth (P , 0.005), the covariate dam's age at parturition (regression coefficient 6 SEM: 0.241 6 0.036, P , 0.05), the interaction between dam's age at parturition and month of birth (P , 0.0005), and the interactions between agegroup and both dam's litter rank (P , 0.0005) and month of birth (P , 0.0005) also had a significant effect on interbirth interval.
Dams from the 120-wk group exhibited a lower time interval between the last parturition (end of the female reproductive life) and death when compared to the 12-(P , 0.005), 70-(P , 0.05), and 100-wk (P , 0.05) groups, respectively. Differences between groups were due to the fact that females from the 120-wk group displayed lower ages at death than females from the other groups, although significant (P , 0.05) differences were found only when compared to the 12-wk group.
Rank of litters produced by F 1 females had a significant effect on litter size at both birth (regression coefficient 6 SEM: À0.300 6 0.043, P , 0.0005) and weaning (regression coefficient 6 SEM: À0.366 6 0.046, P , 0.0005).
Quality of F 2 offspring during preweaning development. Paternal age at conception of F 1 females had no significant effect on percentage of litters with at least one pup cannibalized (note that among these litters, those with all the pups cannibalized were not used to calculate litter size at both birth and weaning), sex ratio at both birth and weaning, preweaning mortality, and weaning weight. However, dam's age at parturition (regression coefficient 6 SEM: 9.374 6 4.222; P , 0.05) and the interactions between litter size at birth and both dam's litter rank (P , 0.0005) and age-group (P , 0.05) were significant factors within the logistic regression model applied to test the effect of paternal age on percentage of litters with at least one pup cannibalized. Cox's regression analysis showed that preweaning mortality was affected by the interaction between dam's litter rank and month of birth (P , 0.0005). The ANOVA test evidenced a significant effect on weaning weight of F 2 pups of dam's litter rank (regression coefficient 6 SEM: 0.062 6 0.013; P , 0.0005), gender of pups at weaning (10.4 6 0.05 g in females, n ¼ 947 vs. 10.6 6 0.06 g in males, n ¼ 857; P , 0.0005), month of birth (P , 0.0005), the covariate litter size at weaning (regression coefficient 6 SEM: À0.406 6 0.014, P , 0.0005), and the interaction between month of birth and age-group (P , 0.0005).
Reproductive Fitness of F 1 Males
Fertility of F 1 males. All the F 1 males tested for their reproductive fitness from the 12-(n ¼ 10) and 120-wk (n ¼ 5) groups were fertile and produced at least one litter. However, 1 of the 10 males tested in both the 70-and the 100-wk group were infertile and never produced a litter since they were caged with a female at the age of 52 wks. Females from infertile couples were fertile, as estimated on the basis of their reproductive performance, when housed with a 12-wk-old male at the age of 35 wk (at this time they were replaced by another 10-wk-old hybrid F 0 female) or after the death of their respective partner. Table 2 shows the effect of paternal age at conception on fertility of F 1 males. No significant effect of paternal age on any of the metric characters of fertility analyzed was observed. Nevertheless, interbirth interval was significantly affected by stud's litter rank (P , 0.0005), month of birth (P , 0.05), and the interaction between the covariate stud's age at parturition and month of birth (P , 0.05). Rank of litters produced by F 1 males had a significant effect on litter size at both birth (P , 0.0005) and weaning (P , 0.01).
Quality of F 2 offspring during preweaning development. Paternal age at conception of F 1 males had no significant effect on percentage of litters with at least one pup cannibalized (note that among these litters, those with all the pups cannibalized were not used to calculate litter size at both birth and weaning), sex ratio at both birth and weaning, and preweaning mortality. In contrast, F 2 pups from the 120-wk group exhibited lower weaning weights than pups from the 12-(P , 0.05), 70-(P , 0.05), and 100-wk (P , 0.01) groups. Stud's litter rank (regression coefficient 6 SEM: À0.027 6 0.006; P , 0.0005), month of birth (P , 0.0005), gender of pups at weaning (9.9 6 0.03 g in females, n ¼ 1715 vs. 10.4 6 0.04 g in males, n ¼ 1732; P , 0.01), the covariates litter size at weaning (regression coefficient 6 SEM: À0.321 6 0.010, P , 0.0005) and stud's age at parturition (regression coefficient 6 SEM: À0.008 6 0.002, P , 0.0005), and the interactions between month of birth and litter size at weaning (P , 0.0005), age-group (P , 0.0005), and stud's age at parturition (P , 0.0005); age-group and litter size at weaning (P , 0.0005), stud's age at parturition (P , 0.005) and stud's litter rank (P , 0.0005); and litter size at weaning and both stud's age at parturition (P , 0.0005) and gender of offspring (P , 0.0005) had a significant effect on weaning weight of F 2 pups.
Litter size at birth (regression coefficient 6 SEM: À0.318 6 0.183; P , 0.05) and the interaction between age-group and month of birth (P , 0.05) were significant factors within the logistic regression model applied to test the effect of paternal age on percentage of litters with at least one pup cannibalized. Logistic regression analysis showed that sex ratio at both birth and weaning was affected by the interactions between month of birth and both litter size at weaning (P , 0.05 and P , 0.0005, respectively) and stud's litter rank (P , 0.05 and P , 0.05, respectively). Finally, Coxs regression analysis showed a significant (P , 0.0005) effect on preweaning mortality of the interaction between stud's litter rank and month of birth.
Longevity of F 1 Offspring
Age-group (P , 0.0005) and the interactions between gender of offspring and both age-group (P , 0.05) and virginity status (P , 0.0005) had a significant effect on expectation of survival times of F 1 offspring. Litter size at birth, gender of offspring, virginity status, and all the remaining two-way interactions between variables were nonsignificant factors within this Cox regression model.
Because of the presence of significant interactions between gender of offspring and both age-group and virginity status, the effect of paternal age at conception on expectation of survival times was analyzed, taking into account separately each gender and virginity status. Virgin females from the 70-wk group exhibited higher survival times than females from the 100-(P , 0.0005) and 120-wk (P , 0.005) groups (Fig. 1A) . The mean age at death of the 10th deciles of survivorship, which affords a reasonably accurate estimate of physiological aging [13] , was also significantly (P , 0.05) higher in the 70-wk group (142.6 6 2.3 wk, n ¼ 10) when compared to the 100-wk group (125.0 6 0.9 wk, n ¼ 9). (A and B) and nonvirgin (C and D) female (A and C) and male (B and D) offspring. Error bars are 6 SEM. Some points are devoid of error bars because the SEM were too small to be drawn. a, c ¼ value significantly different from the 12-wk group (P , 0.005); b, e ¼ value significantly different from the 12-(b: P , 0.0005; e: P , 0.01) and 120-wk (b ¼ P , 0.005; e: P , 0.05) groups; d ¼ value significantly different from the 70-(P , 0.05) and 100-wk (P , 0.005) groups. 
LONG-TERM EFFECTS OF PATERNAL AGE ON OFFSPRING
Virgin males from the 120-wk group displayed a lower survival curve than males from 12-(P , 0.0005), 70-(P , 0.0005), and 100-wk (P , 0.0005) groups (Fig. 1B) . Mean ages of the 10th-decile longest-lived mice followed the same pattern than survival curves, but, on this occasion, all the pairwise comparisons between age-groups (117.9 6 0.9 wk, n ¼ 8, in the 12-wk group; 131.9 6 2.0 wk, n ¼ 7, in the 70-wk group; 123.4 6 1.2 wk, n ¼ 8, in the 100-wk group; and 87 wk, n ¼ 1, in the 120-wk group) were significant (P , 0.001).
Survival times of nonvirgin females from the 120-wk group were significantly (P , 0.01) lower than those exhibited by females from the 12-wk group (Fig. 1C) . Statistical comparisons between age-groups of mean ages at death of the 10th deciles of survivorship could not be performed because only one individual from each age-group fulfilled this survival requirement (122, 126, 134, and 105 wk in the 12-, 70-, 100-, and 120-wk group, respectively).
No significant effect of paternal age at conception on survival times of nonvirgin male offspring was observed (Fig.  1D) . Statistical comparisons between age-groups of mean ages at death of the 10th deciles of survivorship could not be performed because only one individual from each age-group satisfied this survival condition (149, 138, 124, and 123 wk in the 12-, 70-, 100-, and 120-wk group, respectively). Figure 2 shows the effect of paternal age at conception on body weight of F 1 offspring during adult life. As expected, breeding females (34.9 6 0.5 g) exhibited body weights significantly (P , 0.0005) higher than their virgin counterparts (30.0 6 0.1 g). In contrast, no significant differences between virgin and nonvirgin males were observed (37.1 6 0.1 g vs. 36.0 6 0.3 g). Litter size at birth (regression coefficient 6 SEM: À4.131 6 2.267, P , 0.05), gender of offspring (30.5 6 0.1 g in females vs. 36.9 6 0.1 g in males; P , 0.0005), the interactions between age-group and both litter size at birth (P , 0.05) and gender of offspring (P , 0.01), and the interaction between virginity status and gender of offspring (P , 0.0005) had a significant effect on body weight of offspring.
Body Weight of F 1 Offspring During Adult Life
It is important to note that the pattern of changes in body weight during adult life displayed by virgin male mice (the only subgroup of F 1 offspring whose body weights varied significantly between the four age-groups) was much like the pattern of expectation of survival times shown in Figure 1B . This relationship suggested that mice lost weight when approaching death. To test this hypothesis, the ratio between the mean of the last body weight of F 1 offspring recorded before death and the mean of the body weight of longer-lived mice recorded at the same age than dying mice was evaluated. Ratios were calculated using data from individuals belonging to the same age-group, gender, and virginity status. Mice from the 100-and 120-wk group exhibited significantly (P , 0.05) lower body weight ratios (0.92 6 0.02, n ¼ 30, and 0.92 6 0.04, n ¼ 20, respectively) than mice from the 12-wk group (0.98 6 0.02, n ¼ 35). Mice from the 70-wk group displayed an intermediate ratio (0.94 6 0.02, n ¼ 36). Body weight ratios were significantly lower than 1 in the 70-, 100-, and 120-wk groups (95% confidence intervals: 0.90-0.97, 0.89-0.96, and 0.88-0.97, respectively). In mice from the 12-wk group, the body weight ratio did not differ significantly from unity (95% confidence interval: 0.95-1.02). No significant effect on body weight ratio of gender of offspring, virginity status, and all the two-way interactions between age-group, gender of offspring, and virginity status was noted.
Histological Analysis
Percentage of F 1 offspring displaying normal organs at necropsy was significantly (P , 0.01) higher in the 120-wk group (43.8%, 14/32) when compared to the 12-(20.0%, 11/ 55), 70-(13.0%, 7/54), and 100-wk (22.2%, 12/54) groups. In addition, the histological examination of morphologically abnormal organs, tumors, or diseased areas of necropsied F 1 mice evidenced a significantly (P , 0.05) lower incidence of tumorigenesis (when both benign and malignant tumors were analyzed together) in the 120-wk group than in the 12-, 70-, and 100-wk groups (Table 3) . No significant differences between groups in other tissue conditions were found.
DISCUSSION
The present study shows that delaying fatherhood in F 0 mice until the age of 120 wk has negative effects on reproductive fitness and longevity of F 1 offspring. In particular, breeding F 1 females from the 120-wk group displayed interbirth intervals longer than females from the 12-, 70-, and 100-wk groups, and F 2 pups begotten by F 1 studs exhibited weaning weights lower than pups from the 12-and 70-wk groups. Furthermore, offspring from the 120-wk group exhibited shorter survival times associated with lower incidence of tumorigenesis and higher loss of body weight when approaching death when compared to F 1 offspring from younger age-groups.
As far as we are aware, this is the first study showing a transgenerational effect of advanced paternal age on weaning weight of F 2 offspring. Concerning the influence of paternal age at conception on interbirth intervals of F 1 dams, our data support a previous epidemiological study [2] reporting the existence of a tendency for both sons and daughters of parents older than 30 yr to exhibit longer values of time to pregnancy than individuals from parents younger than 30 yr, the trend being stronger for daughters.
The shorter life expectancy exhibited by F 1 offspring from the 120-wk group observed in the present study is consistent with the results obtained in previous studies in humans [5] [6] [7] . However, in contrast to the studies by Gavrilova et al. [6] and Kemkes-Grottenthaler [7] , who reported that paternal age has a significant influence only on daughters, we found that advanced paternal age at conception was associated with decreased longevity in both female and male offspring, although the effect was stronger in males (in particular, virgin males). Our data differ also from other studies showing the absence of effect on offspring's longevity of paternal age in humans [8, 14] or even the presence of a significant positive effect in two genetically outbred strains of Drosophila melanogaster [15] . Furthermore, several studies in humans report that paternal age is positively associated with telomere length of spermatozoa [16] and leukocytes of both male and female offspring [16] [17] [18] [19] . These studies suggest that having children later in life may confer beneficial (rather than negative) effects on longevity of offspring [19] .
We should bear in mind that the lower life expectancy exhibited by offspring from the 120-wk group found in the present study was associated with a lower incidence of tumorigenesis and a higher loss of body weight (cachexia) when approaching death. It is known that aging is associated with increased incidence of tumorigenesis in both humans [20] and mice [21] . Thus, the shorter survival times displayed by offspring from the 120-wk group may explain the lower incidence of tumorigenesis found in this group of mice. On the other hand, in humans, cachexia is associated with poor quality of life and shortened survival time. Literature shows that cachexia is related with aging, cancer, and chronic nonmalig-348 GARCÍA-PALOMARES ET AL. nant conditions, including obstructive pulmonary disease, heart and renal failure, infections, and inflammatory diseases [22, 23] . However, none of these factors can explain the higher loss of body weight when approaching death found in the present study in mice from the 120-wk group. In fact, as mentioned previously, F 1 offspring from the 120-wk group not only died at younger ages than mice from the other groups but also displayed a lower incidence of tumorigenesis. Furthermore, the histological examination of morphologically abnormal organs, tumors, or diseased areas of necropsied F 1 mice did not detect any effect of paternal age at conception on the occurrence of chronic conditions, including chronic inflammation, infarct, vascular sclerosis, and other degenerative processes, such as amyloidosis and fibrosis.
